In this paper, we investigated the onset of collective dynamics of an expanding tissue and its dependence on cell-substrate adhesiveness and cell-cell cohesiveness. By drawing a parallelism with spreading of a water droplet, we took a novel approach and we unveil the relative interdependence of adhesion and cohesion. Innovation: Here, we used a robust protocol to modulate substrate adhesiveness and genetical modifications of cell-cell junction machinery to manipulate tissue cohesiveness. Furthermore, we used time-lapse video-microscopy, particle image velocitometry, traction force microscopy and a novel computational model to characterize and quantify the process. Integration: We combined traditional cell biology approaches and prospective with those borrowed from soft matter physics and apply them to the study of collective cell migration. 
Introduction
Important biological and pathophysiological phenomena, such as formation of tissues and organs during development, wound healing, and cancer metastasis, are multicellular processes requiring coordinated migration of cells as a group [1] [2] [3] . To achieve such coordination for both in vivo and in vitro conditions, cells require to interact with each other and cooperate over length scales involving multiple cells [4] [5] [6] .
The adhesion and migration of single cells on 2D substrates rich in ECM requires to establish heterophilic adhesion to the substrate at the site of specialized protein complexes 7 . This allows cells to stabilize their protrusions such as lamellipodia and exert forces onto the substrate to propel forward in a mechanism termed cell crawling.
This motility mode involves protrusion of lamellipodia at the leading edge and adhesion to ECM proteins such as fibronectin (FN) by transmembrane proteins (e.g.
integrins)
. Based on this model, single cell adhesion and migration have been shown to depend on cell-matrix interactions including ECM adhesiveness and ligand density 8, 9 . Besides this well-established mode of migration, one additional major mechanism is relevant to cell translocation within tissues: the movement of cell groups, sheets, or strands consisting of multiple cells connected by cell-cell junctions 10 . The growth and migration of cell clusters over 2D surfaces also display similar types of protrusions at the edges, their cohesiveness being maintained by cellcell junctions (CCJs) 11 . This cooperation thus relies on different types of interactions at cell-matrix and cell-cell interfaces. Indeed, the organization of multicellular assemblies in 2D and 3D environments has been shown to depend on the relative strength of these interactions which may be explained by a cross-talk between cellmatrix and cell-cell adhesions [12] [13] [14] [15] . In epithelial cells, adherens junctions through homophilic interactions between E-cadherin proteins have been shown to be crucial to understand forces transmitted from one cell to its neighbors and as such, tissue cohesion [16] [17] [18] [19] . During tissue migration and growth, CCJs experiment various intercellular stresses that include compressive, tensile and shear stresses [20] [21] [22] [23] . Various experimental and theoretical models have been described to explain multicellular movements including contact inhibition of locomotion 24 , agent-based models [25] [26] [27] and continuum multicellular approaches [28] [29] [30] . These models include the description of bulk cellular motions through cell-substrate interactions and intercellular tension for a continuous monolayer 29, 31, 32 . However, in many cases including wound healing, gap closure and also morphogenetic movements, epithelial tissues present discontinuities.
In such situations, cellular movements and tension at the free edge together with bulk cellular rearrangements largely contribute to tissue dynamics 4, 27, 29, [33] [34] [35] [36] [37] [38] . In this scenario that includes either epithelial expansion or gap closure into cell-free areas, collective migration is aided by the protrusive activity of leading cells 21, 39 . Such cells are able to pull adjacent cells along and form finger-like structures. As such, the colonies' edge presents fingering patterns 40 with protrusive activity and actomyosin cables at the rear. Interestingly such contractile actomyosin cables play a major role during epithelial gap closure 34-36, 41, 42 and are prominent in concave regions during tissue migration or wound closure. The assembly of actomyosin contractile cables plays an opposite role at convex regions where it limits the expansion of the tissue 34, 36, 43 . Taken together, the above considerations draw a complex picture of collective cell dynamics during epithelial gap closure, wound healing or tissue expansion driven by cell proliferation and migration that strongly depend on both biochemical and physical environmental factors 5, 34, [44] [45] [46] [47] 1A) . In all cases, we observed an overall homogenous protein coating of the substrates with inhomogenies being much smaller than the sell size (Suppl. Fig. 1 ).
Importantly, surface coating did not markedly change after 5 days submerged in culture medium and in the presence of cells. Furthermore, cells did not significantly change the amount and the homogeneity of the protein coating. Under these conditions, we observed that small colonies of epithelial cells originating from few cells (< 2) and grown for three days adopted diverse shapes in response to different amounts of FN coating (Fig 1B) . In particular, the overall aspect ratio of the cell colonies varied in all dimensions. Colonies on high FN (80 µg/ml) grew into large, flat and anisotropic patches, those at low FN (5 µg/ml) were rather round, small and tall. Even more dramatically, colonies tended to form three-dimensional spheroids in absence of FN (0 µg/ml). Interestingly, also the contact angle between the cell patches and the substrate changes as a function of the FN coating (Fig. 1B, x/z images), in a manner highly reminiscent to partial wetting of droplets on surfaces with varying affinity for the fluid. In the droplet case, the contact angle ( ) is a direct measure for the wettability parameter, = ! − ! ; with ! < ! and < 0 for partial wetting.
The more negative S is, the less the droplet spreads, thus giving a larger . In our experiments, small θ were measured for colonies provided with high adhesion (80 µg/ml) and large θ (> 90°) for those deprived of it (0 µg/ml) ( Fig. 1C and D After the second day, the appearance of the colonies started to differ between the different FN coatings. This was reflected by an exponential increase in colonies' area ( Fig. 2 B) . Rise in area correlated with the amount of FN absorbed onto the surfaces, with cells on high FN being able to spread into large patches, whereas colonies on 5 µg/ml had less pronounced enlargement. Conversely, cells with low adhesion (0 µg/ml) never really expanded onto the substrate, but rather aggregated into small three dimensional spheroids and remained round till the end of the process. In parallel to area changes, roundness of colonies provided with ECM declined after the third day ( Fig. 2 C) . This decline in roundness, which reflected more anisotropic shapes, was also correlated to FN concentrations. In particular, colonies on higher FN coating showed more anisotropic shapes (lower roundness) then on lower FN amounts.
Differences in colonies' area and shape could potentially result from differences in proliferation in the two different conditions 58, 59 . Contact angle of the cell colonies with the substrate, was also subject to changes over time (Fig. 2 D) . One day after seeding, the colonies had the highest contact angle during the first day and only colonies at 80 µg/ml FN showed to be able to effectively spread onto the substrate. In the following days sensibly declined for colonies at 5 and 80 µg/ml FN but not for 0, which remainded rather high throughout the whole time of sampling. Contact angle of the cell colonies with the substrate, was also subject to changes over time (Fig. 2   D) . One day after seeding, the colonies had the highest contact angle during the first day and only colonies at 80 µg/ml FN showed to be able to effectively spread onto the substrate. In the following days sensibly declined for colonies at 5 and 80 µg/ml FN but not for 0, which remainded rather high throughout the whole time of sampling.
Despite these time-dependent changes, cell number grew exponentially by the same rate at both, 5 and 80 µg/ml FN (Fig. 2 F) . This was reflected by a nearly identical doubling time (time take by the population to duplicate in number) of approximately 15 h in both cases (Fig. 2 E) . This could be due to the fact that cell proliferation was at its maximum speed at this low confluence. Despite having the same proliferation rates, colonies on different FN had marked differences in the cell density ( Fig. 2 F) , during the process of expansion. In both cases, low and high FN, cell density increased between day 1 and 2. Thereafter, density of cells continued climbing at a lower rate for colonies cultured at 5 µg/ml FN, but it declined for those at 80 µg/ml FN resulting in colonies with large, flat cells. Taken together, these results suggest that active expansion dominates the development of colonies at high ! leading to higher colony spreading ( ).
Cell motility and mode of collective migration within cell colonies depends on FN surface concentration.
Cell proliferation fails to explain the different spreading behaviors at different FN coatings. Thus, we further investigated the effect of cell motility and collective behavior on the colony expansion process. Increasing amounts of ECM coating and adhesion of cells to the substrate proved to cause increased cell motility of single cells 60 as well as in tissues 38, 61 . Also in our system, MDCK cells overexpressing Snail transcription factor, which down-regulates E-cadherin 62 and induce single cell migration, showed increased motility at higher FN coating (Suppl. Fig. 2 ). To explore this aspect in our system, we analyzed the motility within the colonies by particle image velocimetry (PIV; Fig. 3 Actomyosin cable provides cohesiveness to the cell colony, whereas lamellipodia are responsible for adhesiveness and substrate wetting.
To investigate the nature of cohesive and adhesive mechanisms, we visualized actin structures at different FN coating. Previous studies have shown that epithelial cell migration in various situations can be regulated by acto-myosin contractility through purse-string mechanism and/or cell crawling activity 35, 38, 66 . We looked for actomyosin cable and lamellipodia distribution at the three different FN concentrations (Fig. 4) . As previously mentioned, at 0 µg/ml FN cells did not spread, but formed 3D spheroids. At the base, these aggregates where confined by a thick actomyosin cable (Fig. 4 A and B bottom). However, contact with the substrate is very limited in this case and images take at the equatorial plane show that actin is mostly engaged at the cell-cell junction (Fig. 4 B bottom) . For the case of 5 and 80 µg/ml, the most obvious difference was the presence of large stress fibers at the basal plane of colonies on high FN, that were virtually absent at lower FN coatings (Fig. 4 A -D). The actomyosin cable, which provides a strong barrier at the outer perimeter of the colony and inward forces at concave edges, thus improving the cohesiveness of rounder colonies 38 , appeared to be continuous over multiple cells at 5 µg/ml FN (Fig   4 A and C top) . In contrast, the cable was frequently interrupted by the protrusive activity of small and large lamellipodia in colonies on high FN (Fig 4 A and D top) .
Lamellipodia and leader cells were clearly favored at high FN coating, whereas they appeared to be small at low FN (Fig. 4 A, C and D bottom). This scenario was confirmed by quantitative analysis of edge occupancy by the actomyosin cable (Fig. 4 E) and lamellipodia (Fig 4 F) . The edge of colonies at 0 and 5 µg/ml was mostly limited by the actomyosin cable whereas those at 80 µg/ml had higher lamellipodia occupancy. Altogether, these results confirmed that the relative contributions of the pluricellular actin cable and the formation of lamellipodia-based protrusions could be tuned by cell-substrate adhesion and were important to control epithelial tissue organization.
Tissue traction forces on different FN coatings.
Next, we measured traction forces by traction force microscopy (TFM) 67 on soft silicon gels coated with 5 and 80 µg/ml FN while monitoring actin structures to verify their contribution to adhesive and cohesive mechanisms. Despite differences in substrate rigidity and potentially in FN physisorption, colonies of cells grown on the soft gels demonstrated similar phenotypes as those grown on glass coverslips. Indeed, colonies of cells at low FN were more circular, with more actomyosin cable and less lamellipodia as compared to those grown on high FN (Fig. 5A and B, left and Suppl.
Movies 7 and 8).
Compatible with crawling mechanism, large inward pulling forces were observed at the site of lamellipodia ( Fig. 5A and 5B, top right). Importantly, larger forces and larger lamellipodia were found at the edge of colonies grown at 80 µg/ml FN. On the other hand, converging force dipoles (Fig. 5A , bottom right) were found at the site of contractile actin cables acting tangentially to the tissue edges. This was particularly obvious at low FN coating. In contrast, at high FN, large converging force dipoles appeared within the tissue (Fig. 5B, bottom right) . This was presumably due to prominent basal stress fibers within cells at high FN only (Fig. 4A) . Overall, colonies on high FN were able to exert higher forces on the substrate as compared to low FN, thus unmasking a higher adhesion (higher ! ) with the surface (Fig. 5 C) . In particular, inward radial force component (with respect to colony's center of mass, inwards pointing is defined as positive) was higher for 80 µg/ml (Fig. 5 D) . Finally, we measured the average force magnitudes as a function of the relative distance from the edge to the center (Fig. 5 E and F) . In both cases, forces were more localized at the edge of the colonies. Interestingly, forces dropped more gradually from tissue edge to the innermost region for high FN than for low FN (Fig. 5G ). This is in line with the fact that basal stress fibers were more pervasive in high FN, and these structures penetrated deep into the tissue colony, thus leading to high traction forces.
Interestingly, less average traction force magnitudes in the tissue indicated a higher degree of cohesiveness between cells in the tissue for low FN. Conversely, high average force magnitudes and force dipoles within the tissue indicate for higher adhesiveness and more autonomous behavior for cells at high FN.
Alteration of the adhesive and cohesive machineries changes the colonies' wetting properties.
Our experiments showed two distinct phenotypes in response to changes in adhesion properties ( Fig. 2 and 3) . At low FN (low ! ), colonies were small, round and with a tendency to rotate. Conversely, at high FN (high ! ) they were large, anisotropic and with an outward cell motility driving cell expansion. The general aspect of actin structure and characteristics of traction forces on the substrate showed that the FN concentration modified the overall adhesive properties of the colonies and this correlated with cell motility. To further elucidate the role of ECM and CCJ in regulating adhesive and cohesive properties of the expanding tissue, we introduced collagen coating as the main support for cell adhesion and we used genetically modified MDCK cell lines to specifically alter ! and ! , respectively (Fig. 6) (Fig. 6 A, B and C) indicating for a less adhesive phenotype. In our interpretation, this was mostly due to the lower ability of cell to perform 2D crawling on this type of substrate 70 . Indeed, on collagen fewer leader cells and lamellipodia appeared even at high protein concentrations. Similarly, cell expressing cadherin 11 also showed limited ability to expand. This is consistent with higher cohesiveness of the tissue. In both cases, analysis of the direction of motion by PIV showed that colonies with cadherin 11 and those grown on collagen were characterized by rotational movement (Fig. 6 D) . On the other hand, α-catenin 
Mathematical simulation of colony expansion.
We next applied a recently developed theoretical model for the dynamics of confluent cellular layers, to describe the growth and shapes of the colonies. In this model (for details see 61 and table S1) the dynamics of the cells within the bulk of the layer are determined by the following ingredients 27 : cells undergo a random motion (treated as a randomly oriented traction force, F_noise table S1), but interact with each other through effective binary potentials (F_interaction , Table S1 ). In addition, cells have a tendency to move in the same direction as their neighbors, which is the property that gives rise to collective migration effects. In the model this is described through a Vicsek-like orientational interaction that acts to create long-range collective motions (F_vicsek, Table S1 ). The interaction potential between the cells is such that they have a repulsive central part (soft-core), and attract when further apart (representing cell-cell adhesion) until some maximal interaction length |(maximal cell extension).
The Vicsek-like orientational interaction is a standard technique to endow the cells with the property of preferring to move in the same direction as their neighbors, and is used to describe a variety of collective motion phenomena. In addition, we have that cells at the colony's edge have the following additional forces: they form an outwards crawling force (due to lamellipodia), which grows linearly with the local convex curvature of the edge 40 (F_border , Table S1 ). This positive feedback between the traction force and the edge cell shape drives the instability that spontaneously forms "leader-cells" at the tips of cellular fingers 61 . There is also the force of line tension that acts due to the acto-myosin cables (and membrane bending), mostly for cells along the colony's edges that have concave (or very small convex) curvature. This line tension and acto-myosin cables act to contract the colony's edge and straighten it(F_bending, F_cable, Table S1 ). For the detailed mathematical formalism and the numerical techniques used to calculate the evolution of the colony using this model (Fig.7) we refer the reader to the companion paper 61 .
In Fig. 7 , we demonstrate that this model is able to explain qualitatively the observed changes due to different cell-substrate adhesion (Fig.2) . We find that only increasing the motile force due to the outwards-directed lamellipodia of the edge cells and/or cohesion low (α-catenin KD). Conversely, colonies were likely to be small and compact at high cohesion (cadherin 11) and/or low adhesion (5 or 0 µg/ml FN). This process seems to be mostly driven by changes in the type of cell motility and its relative directionality. Indeed, our analysis of actin organization reveled at higher adhesiveness promoted structures that enhanced migration and colony's expansioni.e. lamellipodia and leader cells. On the other hand, down regulation of adhesion promoted cohesive structures such as an actomyosin cable surrounding the colony.
In line with previous reports 56, 58, 72 , our in vitro investigation demonstrates the importance of tissue cohesion and substrate adhesion to the biomechanics of multicellular groups. were added to provide cell with sufficient nutrients.
Materials and Methods

Cell culture and reagents
MDCK (madin-darby canine kidney) cells were cultured in DMEM (
Live-cell imaging
Samples prepared as described in previous section were placed in BioStation CT imaging system (Nikon) 24 h after seeding. Dynamics of tissue expansion were visualized for four days by phase contrast microscopy using BioStation CT equipped with 4x, 10x and 20x phase objective. All live-cell experiments have been conducted at 37˚ C and 5% CO 2 . Three dimensional images of cell colonies were acquired using a laser scanning confocal microscope (Zeiss -LSM 710) equipped with a 40X water immersion objective.
Image segmentation and analysis
Image segmentation of phase contrast data was performed using in-house MATLAB software. The algorithm applies a range filter on the raw image. The range filter gives high response at region with large intensity variations and low response at region with homogeneous intensity. In our image, the large variation region corresponds to the cell colonies. The size of the range filter used varied from 3x3 to 5x5 pixels for images acquired with 4X objective and 7x7 to 13x13 for 10X. The range-filtered image was then thresholded and refined by morphological operations to generate a binary mask corresponding to the colonies. After segmentation, the contour of the cell colonies was extracted from the binary mask. Binary image was used to compute area and roundness. Cell number was accessed by manual count of cells nuclei. To measure velocity, Particle Image Velocimetry (PIV) analysis was performed using 
Force measurements
Traction forces exerted on the substrate was assessed by deformation of a soft elastic substrate (Traction Force Microscopy, TFM) 13, 41, 45 . TFM was performed by detecting displacement of beads embedded onto the surface of a soft silicon elastomer. Briefly, CyA and CyB (Dow Corning) components were mixed in a 1:1 ratio, spin-coated on a IWAKI glass-bottom dish at 500 rpm for 1 min and cured at 80 °C for 2h (elastic modulus ∼8 kPa). The substrate was silanized using a 5% solution of (3-Aminopropyl) trimethoxysilane (Sigma) in 100% ethanol for 15 min. Subsequently, red fluorescent beads (100 nm, Invitrogen) were diluted in deionized water (1:500) and added to the substrate. After incubation for 5 min, the substrates were washed with deionized water to remove loosely bound beads and dried for 15 mins at 80 °C.
The beads were then passivated by incubating in TRISS 100mM for 30 mins. After removing TRISS, the substrates could be kept in incubator overnight. Substrates were coated with fibronectin at the concentration of 5 and 80µg/ml for 30 min at 37° C.
Afterwards, substrates were incubated with 0.2% pluronics for 30 mins and washed with PBS. Thereafter, cells can be seeded as described in previous part. Live-cell imaging of tissue expansion and displacement of beads (traction force microscopy) was used by a fully automated Olympus IX81 inverted microscope equipped with air objective (20X). Analysis of forces by beads displacement was performed as previously described 41, 74 .
Mathematical modelling
We used here the theoretical model that we have recently developed to describe the collective dynamics of cellular monolayers 61 . The parameters used in the simulations shown here (Fig. 7) are defined in Table S1 [SI]. We simulated the effect of the varying ECM concentration as changing the maximal lamellipodia-driven, curvaturedependent crawling force, directed outwards, that can be produced by edge cells, which is the parameter F max in our model(which is the maximal value of F_border, Table S1 ). Larger values of this parameter are associated in the simulations to higher ECM concentration. In Fig. 7 we scaled the values of this parameter from the values fitted to previous experiments 61 , in the range of 0.001-2.5. This effect of the ECM concentration is also observed on the formation of fingers during wound-healing geometries, both in experiments and in our simulations (by changing the value of F max 61 ). Due to the positive feedback between the shape (curvature) of the edge cell and its ability to produce large extending lamellipodia, our model describes naturally how edge cells can destabilize the colony's edge and become leader cells at the highly convex tips. In all panels, arrowheads indicate actomyosin cable, arrows lamellipodia. E and F. Plots show the percentage of colonies' edge occupied by actomyosin cable (E) and lamellipodia (F). n= 2 for 0 µg/ml and = 3 for 5 and 80 µg/ml. bars = standard error of the mean. When not visible, SEM bar is smaller than symbol. Data are considered significantly different for p < 0.05 (unpaired Student's t-test). , Table S1 ). This curvature-dependent force is representing the traction produced by the edge cells through the extension of lamellipodia beyond the monolayer edge .Dark outer-line indicates for colony boundary, blue dots represent the cells. B. Decomposition of the forces shows the relative contribution of each force component acting on the boundary: Green edges of the colony represent edge cells that feel the contractile force of the acto-myosin supracellular cable F_cable, while the red arrows indicate the outwards pointing lamellipodia-driven traction forces of the convex edge cells F_border (see Table S1 for explanation of forces terminology). C and D. Calculated dependence of the colonies area and shape on the outwards, curvature-dependent motility of the edge cells, respectively. E. Illustration shows the relation between cohesion/adhesion and the dynamics of expansion of a colony of cells.
